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Abstract
Cognitive processes involved in both allocation of attention during decision making as
well as surprise when making mistakes trigger release of the neurotransmitter
norepinephrine, which has been shown to be correlated with an increase in pupil
dilation, in turn reflecting raised levels of arousal. Extending earlier experiments based
on the Attention Network Test (ANT), separating the neural components of alertness
and spatial re-orientation from the attention involved in more demanding conflict
resolution tasks, we demonstrate that these signatures of attention are so robust that
they may be retrieved even when applying low cost eye tracking in an everyday mobile
computing context. Furthermore we find that the reaction of surprise elicited when
committing mistakes in a decision task, which in the neuroimaging EEG literature have
been referred to as a negativity feedback error correction signal, may likewise be
retrieved solely based on an increase in pupil dilation.
Introduction
The pupil provides a window into some of the processing that otherwise takes place
invisibly inside the human brain. Hess and Polt [1], [2] as well as later Kahneman and
Beatty [3], [4] found evidence that linked emotional and cognitive processes to pupil
dilations, and Aston-Jones et al. [5], [6] and Joshi [7] have provided a framework for
understanding some of the anatomical processes that take place in regulating the gain of
the networks involved, and why pupillary reactions are visible:
At the core, the Locus Coeruleus-Norepinephine (LC-NE) system operates in two
different modes, tonic mode that regulates the overall level of preparedness or arousal
and phasic mode that is involved in responding to task-relevant stimuli. As task
difficulty increases, so will tonic mode activity, modulating the gain, which in turn leads
to a increased performance and a stronger phasic response to task-relevant stimuli. If,
however, the arousal system and tonic activity mode increase beyond a certain peak
point, the phasic responses decrease, leading to an explanation of the classical trade-off
between arousal and optimal performance first analysed by Yerkes and Dodson [8].
Activity in LC-NE cells are further reflected in pupillary dilations [7], and the pupil
can thus be interpreted as a marker of LC-NE activity (see also Fig. 1 and Fig. 2).
Baseline pupil size varies on a large scale of 3-4mm as a response to changes in light
levels [9], [10] whereas variations caused by cognitive processes are much smaller,
typically on the order of 0.5mm or 15% compared to typical pupil sizes found in normal
conditions [4].
The baseline pupil size is modulated by the tonic activity in LC-NE, and is never at
rest; it has been known for a long time to vary. Stark et al. [11] speculated that this
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Fig 1. Performance vs Tonic Level, illustrating pupil dilations resulting from a
phasic response to relevant stimuli vs the tonic baseline level, regulated by the LC-NE
system. Sensitivity to task specific relevant stimuli is greatest at [B], where the largest
phasic dilations are seen as compared to at [A] and [C]. Note that the graphs are not
actual data to scale but is drawn for illustrative purposes. (Adapted from [5] [7],
resembling the classical Yerkes-Dodson relationship [8] )
could be part of an “economical” construction of the eye in the sense that there is no
need for the eye to operate at a more narrow range, and in our previous study [12] we
also noted slow variations of the baseline pupil size of +/-10% on a timescale of 30–60s.
Task-Evoked Pupillary Responses [13], [14] (TEPR) above the current baseline are
caused by phasic activity in the LC-NE system, and by averaging over many similarly
conditioned tests time-locked to the stimuli, other factors can be filtered out.
Recent fMRI studies by Kuchinsky et al. have further established that activity in
saliency networks triggered by attentional tasks are reflected in increased tonic pupil
size, in contrast to the decreased pupil dilation typically observed when we are in a
default resting state [15].
Phasic activations of the LC-NE system in the noradrenergic (NE) neurons also play
a role in rapid adaptation to changing conditions, as demonstrated by Bouret et al. [16],
in that it may facilitate reorganisation of the innervated areas. This allows for adaption
of behaviour to changes in task conditions; real or when they deviate from anticipation.
Preuschoff et al. [17] have found that pupil dilations not only reflect decision making
per se or the level of engagement, but also indicates surprise when committing mistakes
in decision tasks, suggesting that NE plays a role in error signalling. This appear similar
to the negativity feedback components, which is an Event Related Potential (ERP)
typically observed in EEG neuroimaging experiments 250-300 ms after participants
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Fig 2. Pupil dilation baseline vs respose to relevant stimuli in 3 different
conditions, corresponding to drowsiness [A], highly focused task-specific attention [B]
and distractible, scanning attention [C]. The blue curve illustrate the level and
fluctuations of the pupil size at each condition. The baseline pupil size is shown in
black, with the green area denoting the size of the response present when a task-relevant
stimuli appear. Note that the drawing is not to scale.
realize that an incorrect choice was made [18].
Materials and Methods
While attention can be broadly understood as “the appropriate allocation of processing
resources to relevant stimuli” [19], Posner and Petersen [20], [21], [22] have shown that
three systems, which regulate attention, are anatomically separate from other processing
systems and carry out different cognitive roles as part of the attention networks. These
are:
• Alerting,
• Orienting and
• Executive Control.
Fan et al. [23] designed a behavioral experiment, known as the Attention Network Test
(ANT), to assess which of the network components are activated based on differences in
reaction time when responding to visual cues.
We have in a previous experiment [12], measured Task-Evoked Pupillar Responses
during the ANT test in a longitudinal study of two subjects. A stronger response was
triggered by incongruent conditions in the conflict resolution decision task, likely
involving the executive network.
This study expands the number of subjects, investigates the changes in mean pupil
size over the experiment, and look at the relationship between the tonic level and the
accuracy of the responses.
Experimental Procedure
The procedure followed and the equipment used is identical to that described in [12],
and is further illustrated in Fig. 3. In this present study, in total N=18 participants (7
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Fig 3. The Attention Network Test procedure used here: Every 4 seconds, a cue (either
of 4 conditions (Top, Left)) precedes a target (either of 3 congruency conditions (Top,
Right)), to which the participant responds by pressing a key according to the central
arrow. The reaction time differences between cue- and congruency conditions form the
basis for calculating the latencies of the attention, orientation and conflict resolution
networks. This figure and description is from [12].
female and 11 male) with a mean age of 25.3 years were tested once. None used glasses
or contact lenses, and all but one were right-handed.
The participant were all volunteers that were only allowed to complete the test if
they gave consent to their data being used anonymously for research purposes. The
ANT test itself is a standard paradigm in widespread use.
Analysis
Pupil size is recorded at 60 Hz, and blink-affected periods are removed. A Hampel [24]
filter with a centered window of +/-83ms and a limit of 3σ is applied to remove outliers,
and when data is not present in at least half the window, the center point is also
removed. This later part takes care of removing any samples immediately before and
after blinks, to avoid accidental pupil size changes caused by distortion of the visible
part of the eye. Finally data is downsampled to 100ms resolution with a windowed
averaging filter.
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For the TEPR calcuation, data is epoch’ed to the cue presentation and individually
scaled to the value at the start of the epoch.
For the tonic pupil size, a period of 1s immediately before target presentation is
sampled to give a representative value without the phasic response, that in most
conditions appear to fade away after around 2.5s after stimuli. The pupil was further
corrected for variations in head-distance by means of the eye-to-eye distance reported by
the eye-tracker.
The mean pupil size was calculated in each of the 4 periods (the initial trial round
and the three actual blocks of reaction time tests) as the average value of the filtered
pupil data corrected for head-distance variations, which means it is representative of
both the tonic pupil size and the ovelaid phasic responses.
Results
Table 1. Average Reaction- and Attention Network-Times over all correct tests across
all users (± Sample Standard Deviation listed in parenthesis), in seconds.
Meanrt Alerting Orienting Conflict
0.505 (±0.074) 0.033 (±0.022) 0.019 (±0.016) 0.093 (±0.033)
The mean reaction time and the effect of the alerting, orienting and conflict resolution
networks are summarized in table 1. The mean alerting effect was 33ms (±22ms),
comparable to the 47ms (±18ms) reported by Fan et al. [23]. The mean orienting and
conflict effecs were 19ms (±16ms) and 93ms (±33ms) respectively, to be compared
against somewhat higher 51ms (±21ms) and more similar 84 ms (±25ms).
Phasic Pupil Dilation vs Condition and Surprise
Fig. 4 shows the average pupil dilation for all correctly replied tests at the three
congruencies as an average value of all correctly replied tests for all subjects, for both
left and right eye. The incongruent condition, where the executive control network is
also invoked, shows a longer-lasting response in both eyes. Left and right eye responses
do not appear statistically significant.
Fig. 5 shows the difference between correct and incorrect (incongruent) responses. A
statistically significant stronger response is seen when an error is made, which indicate
that the subjects are aware of having made an error. Similar results are seen also for
the other congruency conditions, and is also seen for the original longitudinal study
when analysed in the same way (not shown).
Tonic Pupil Dilation vs Accuracy and Reaction Time
Fig. 6 and Fig. 7 show scatter plots of all correct (green) and incorrect (red) responses
to the incongruent condition according to the reaction time and the tonic pupil size
immediately before the test. Incorrect replies are associated with shorter reaction times.
The reaction times are statistically different between conditions for all participants of
the present study and for A and B in the longitudinal study. The tonic pupil size does
not differ in the present study between conditions. However, for the original longitudinal
study, participant A shows a statistically significant difference between conditions, with
the mean tonic pupil size smaller when incorrect replies are given. See also Table 2.
5
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time since cue onset (s)
−2
0
2
4
6
8
10
R
el
at
iv
e
ch
an
ge
(%
)
Target Presentation
incongruent
congruent
neutral
p < 0.05
p < 0.005
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time since cue onset (s)
−2
0
2
4
6
8
10
Target Presentation
incongruent
congruent
neutral
p < 0.05
p < 0.005
Fig 4. Average Pupil Dilation at the three congruencies for left and right eye,
respectively, for the N=18 subjects of the present study (correct responses only). A
slight initial reaction appear to the presentation of the cue at t = 0, followed by a
continued and stronger response to presentation of the target at t = 0.5. The congruent
(green) and neutral (blue) pupil dilations are similar, but the incongruent (red) response
is stronger and lasts longer. The shaded areas represent one standard error of the mean
(SEM) to each side. As blinks are more frequently occuring somewhere in the range of t
between 1 and 2 seconds, the SEM is somewhat larger here. The magenta line shows
where a Welch t-test between the incongruent and the neutral conditions are
significantly different with a confidence level of p < 0.05; the cyan line marks the
p < 0.005 level.
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Fig 5. Average incorrect incongruent Pupil Dilations vs correct responses for
left and right eye, respectively, for the N=18 subjects, graphed similarly to Fig 4. An
incorrect response invokes a statistically significant stronger pupil dilation, almost twice
as large as for correct responses.
Tonic Pupil Dilation over time
Fig. 8 shows an illustrative sample of how the mean pupil size (corrected for variations
in head distance) varies over the course of the initial training round and the three actual
trial blocks. Left and right pupil size are slightly different for this particular subject,
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Fig 6. Scatter plot of the tonic pupil size relative to the session mean vs
reaction time for incongruent conditions for all participants (left and right eye),
colour coded according to correct (green) and incorrect (red) responses. The mean
reaction time between correct and incorrect responses are significantly different for the
incongruent condition (Welch t-test t = 7.00, p < 0.000001). The mean relative tonic
pupil size between correct and incorrect responses do not significantly.
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Fig 7. Scatter plot of the left eye tonic pupil size relative to the session
mean vs reaction time for incongruent conditions for both participant A (left) and B
(right) over all sessions of the longitudinal study, colour coded according to correct
(green) and incorrect (red) responses (left eye only shown). The mean reaction time
between correct and incorrect responses are significantly different for the incongruent
condition for either participant; see Table 2. The mean relative tonic pupil size between
correct and incorrect responses only differ significantly for participant A (Welch t-test
t = 2.47, p = 0.014 left eye and t = 2.39, p = 0.017 right eye); for B they appear very
similar. Also note that variations in the relative tonic pupil size appear larger for A
than for B.
but there is good correlation between variations of the two (Pearson’s R = 0.948). An
regression corresponding to a low pass filter (a 2nd order polynomial fit) is shown
overlaid, and can explain approximately 30-35% of variance (explained variance
R2 = 0.345 and R2 = 0.301 respectively).
It also appears as if each block has a slightly larger tonic pupil size initially followed
by a decline of approximately 10%. The means for each block also apper to differ, with
the initial training round having the larger tonic pupil size.
When comparing the mean tonic pupil size between the initial training round and
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Table 2. Relative tonic pupil size and reaction time
µ SEM N p()
All (N=18)
PSz
OK 0.998 0.002 1472
NOK 1.010 0.007 254
δ 0.017 0.116
µRT
OK 0.568 0.003 1472
NOK 0.496 0.010 254
δ -0.072 0.000
A
PSz
OK 1.003 0.003 1333
NOK 0.982 0.007 198
δ -0.021 0.014
µRT
OK 0.631 0.003 1333
NOK 0.572 0.009 198
δ -0.059 0.000
B
PSz
OK 1.000 0.002 1434
NOK 1.001 0.004 197
δ 0.001 0.845
µRT
OK 0.612 0.002 1434
NOK 0.519 0.004 197
δ -0.093 0.000
Left eye tonic pupil size, as measured immediately before target presentation, relative to
each session’s mean, and the reaction times, are listed across all subjects of the present
study, and for both participant A and B over all sessions of the longitudinal study, for
incongruent conditions, divided into groups of correct and incorrect responses. The
mean reaction time (µRT ) differ between correct and incorrect responses in a significant
way (Welch’ t-test t = 7.00, t = 5.99 and t = 21.29 respectively, p<0.000001) for both A
and B. The means of the tonic pupil size (PSz) differ significantly between correct and
incorrect responses for A (Welch’ t-test t = 2.47, p = 0.014); for B and the participants
of the present study, the means between the conditions do not show a statistically
significant difference. Almost identical results are found for right eye pupil sizes (not
listed here).
the three actual trial blocks, there are statistically significant differences across all
participants of the present study, and also for participant B of the longitudinal study.
For participant A, however, there are no statistically significant differences. See Fig. 9
and Fig. 10
Fixation Density Map Differences
Average Fixation Density Maps, adjusted for accidental mis-calibrations, were built for
each experiment, and were compared between conditions. We did, as expected, see
recognisable differences when the target presentation was above vs below the fixation
cross, but we were not able to detect any significant spatial differences between
congruency conditions nor between cue conditions.
Discussion
The results of this study, with a larger population, supports our previous findings:
There is a difference in the incongruent vs congruent/neutral flanker scenarios in that
an incongruent condition solicit a larger pupillary response compare to the other two
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Fig 8. Pupil Size over a sample session that illustrates interesting trends
clearly. This session is a first-run for a participant in the larger study. Red and Green
marks the measured pupil size (compensated for changes in head distance) for left and
right eye respectively. The solid magenta and cyan lines are 2nd order approximations
to the pupil size; the explained variance (R2) are 0.345 and 0.301 respectively. Initiation
of each of the 3 rounds of the session are marked with dashed lines. An initial increased
pupil dilation diminishes over time as entraining takes place, with a slight increase
towards the end. It can also be seen that, in this case, each round starts out with an
increase pupil dilation.
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Fig 9. Mean Relative Pupil Size for all subjects in this present study
divided into the initial training round and the three actual trial blocks. The red line
denotes the SEM. The differences between the initial training round and any of the
three other blocks are statistically significant (Wilcoxon signed-rank test T = 12,
T = 111, T = 35, all with a confidence level p < 0.001). The differences between the
other blocks are not statistically significant.
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Fig 10. Mean Relative Pupil Size for all subjects in the longitudinal study
divided into the initial training round and the three actual trial blocks. The red line
denotes the SEM. The differences between the initial training round and any of the
three other blocks are statistically significant for B (Wilcoxon signed-rank test T = 18,
T = 13, T = 18, all with a confidence level p < 0.001). The differences between the
other blocks are not statistically significant. However, for A there are no statistically
significant differences between the blocks; the variations between the 4 blocks are
comparatively much smaller than than what is seen for other participants.
conditions. As the age group is different compared to the previous study, there are
indications that the results may be robust and can translate to different settings..
In most cases we see a high correlation (R values from 0.8–0.95) between left and
right pupil size, although a few have what may be less than optimal tracking. We cannot
conclude any significant difference in the pupil dilation responses between the two eyes,
but we notice that the significance level of the difference between the incongruent and
the neutral condition is higher and lasts slightly longer for the right eye.
In addition, we also found a significantly different response when subjects replied
incorrectly, which happens much more frequently for the inconguent condition. This
response may be related to the adaptation and required reorganization reported by
Bouret et al. [16] and/or to the surprise elements reported by Preuschoff et al. [17].
Thus, the phasic response reported here as well as in our previous study can be
divided into two components that apparently cause a higher level of LC-NE activations:
one related to the incongruent condition and one to the incorrect reply.
Comparing the mean relative pupil size over the 4 parts of the experiment (training
round and 3 blocks of tests) we found that for the subjects of the present study, as well
as for subject B of the longitudinal study, the training round had a statistically
significant higher level, around 5%, compared to the other three blocks that averaged
around -2%. The subject A of the longitudinal study, however, did not show any such
variation between the blocks. We hypothesize that this may point to differences in
individual characteristics, behavoiur or preferences.
Further, comparing relative normalized tonic pupil sizes (excluding the phasic
responses) showed a statistically significant difference between the level immediately
before an incorrect reply compared to the level before a correct reply for subject A of
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the longitudinal study but not for subject B nor for the participants of the present
study. However, while for subject B the levels are almost identical, there is a larger
difference even if not statistically significant for the participants of this study, and it
therefore cannot be ruled out that participants could fall in different groups that, with
more data, would reveal more individual variation.
We also point out that the possible familiarity effects of higher pupillary responses
mainly in the two first complete experiments were not tested for in the present
experiment, since it was performed only once for each participant. We do, however, see
hints at an overall adaptation, as the average (tonic) level decreases as initial entraining
to the tasks take place, with a flat or in some cases slightly increased tonic levels
towards task completion. This appear similar to the familiarity effect reported by
Hyönä et al. [25]
We were not able to find any spatial differences in eye movements, at the resolution
we worked with, that was related to the conditions of the test, apart from the up-down
position of the target.
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